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We demonstrate a fully-tunable multi-state Fano system in which remotely-implemented quantum states 
interfere with each other through their coupling to a mutual continuum. On tuning these resonances near 
coincidence a robust avoided crossing is observed, with a distinctive character that confirms the conti-
nuum as the source of the coupling. While the continuum often serves as a source of decoherence, our 
work therefore shows how its presence can instead also be essential to mediate the interaction of quan-
tum states, a result that could allow new approaches to engineer the collective states of nanostructures. 
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 While resonances abound in classical physics, quantum-mechanical wavefunction superposition 
allows for new manifestations of resonant behavior, most notably in the case of the Fano resonance. 
Originally revealed in atomic autoionization [1-9], but inherent also to solid-state systems [10-22], this re-
sonance arises from the distinctive coupling of a continuum to a discrete quantum level, thereby providing 
two interfering pathways for a transition between some initial and final state. Although the details of this 
resonance have been studied for more than half a century, Fano also predicted [1] that the continuum-
based coupling underlying it should allow for more complicated behavior, namely “multi-state” Fano re-
sonances involving the interaction of several quantum states. Examples of such behavior are rare, how-
ever, with the phenomenon of q-reversal due to intruder-states in Rydberg atoms being most notable [6-
9]. In this effect, the discrete Fano resonances arising from a specific manifold of levels in a Rydberg 
atom are strongly modified by the existence of other manifolds in the same energy range. In spite of its 
complicated characteristics, the q-reversal is a single-atom effect, in which the levels involved in the multi-
state resonance arise within the same atom. In this Letter, however, we demonstrate a very different form 
of multi-state Fano resonance, in which two distinct states are realized on spatially-remote nanostruc-
tures, and interfere with each other through an interconnecting, and also separately implemented, conti-
nuum. While each state exhibits a Fano resonance due to its own interaction with the continuum, tuning 
the two states near coincidence allows an avoided crossing of their resonances to be observed, indicating 
the formation of an extended molecular state that is “bonded” through the continuum. This mesoscopic ef-
fect is found to be surprisingly robust, particularly if we consider that the quantum states involved are 
coupled indirectly through the continuum, rather than being directly connected. While the continuum often 
serves as a source of decoherence, our work therefore shows how its presence can instead also be es-
sential to mediate the interaction of quantum states, a result that could allow new approaches to engineer 
the collective states of nanostructures. 
 To realize a multi-state Fano system, we take advantage of our recent demonstrations of a flexi-
ble approach to the implementation of Fano resonances in solid-state nanostructures. Specifically, we 
use quantum point contacts (QPCs) that are realized by applying a depleting voltage to “split” Schottky 
gates, thereby forming a nanoconstriction in a high-mobility two-dimensional electron gas (2DEG). When 
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this constriction is about to pinch-off, the strongly reduced electron density inside it is expected to en-
hance many-body interactions, leading to the formation of a quantum-dot-like bound state (BS) in its self-
consistent potential [23,24]. We have shown that a BS in one QPC (referred to here as the “swept” QPC) 
can induce a Fano resonance in the conductance (Gd) of a second QPC (referred to as the “detector”), 
when the two are coupled to each other through a common 2DEG [25-29]. The Fano resonance arises 
when the gate voltage (Vs) applied to the swept QPC drives its BS through the 2DEG/detector Fermi lev-
el, creating a correlation [26] in which electrons tunnel repeatedly between the BS and the detector. Con-
sistent with this mechanism, we have furthermore shown that the q-parameter [1] quantifying the BS-
continuum coupling, and reflected in the asymmetry of the Fano resonance, can be systematically con-
trolled in experiment, by varying the path length through the 2DEG between the BS and the detector [28]. 
 In this work, we use QPCs as an “on-demand” source of quantum states to implement the confi-
gurations of interacting BSs shown in Figs. 1(b) and 1(c). In both configurations, two BSs are formed on 
remote QPCs (BS1 in the “swept” QPC and BS2 in the “control” QPC), separated from each other by a dis-
tance of about 300 nm, and connected through an intervening region of 2DEG. The device used for these 
studies was that of Refs. [27-29], and was implemented in a GaAs/AlGaAs quantum well (Sandia sample 
EA750). The 2DEG was of density 2.3×1011 cm-2, mobility 4×106 cm2/Vs, mean free path 31 microns, and 
Fermi wavelength 53 nm (all at 4.2 K). The mean free path decreased to 4 microns by 77 K, but this was 
still much longer than even the largest inter-QPC separation in the device. The device had eight contacts 
positioned around the perimeter of its Hall bar, which allowed us to independently determine the conduc-
tance of the various QPCs. These measurements were performed at 4.2 – 40 K, using lock-in detection 
(11 Hz) and a fixed excitation of 30 μV. In each configuration, unused gates were held at ground potential 
and our prior work [27,28] suggests these gates exert minimal influence on the resulting device behavior. 
Figures 1(d) and 1(e) show contours generated from experiments in which a fixed voltage was 
applied to the gates of the detector, after which its conductance (Gd) was measured while varying the 
gate voltages Vs and Vc. The limits of these contours were chosen to ensure that they span the parameter 
space for which BS formation is expected to occur in both the swept and control QPCs. Each contour 
shows two Fano resonances, labeled R1 and R2 to indicate their connection to the presence of a BS in the 
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swept and control QPCs, respectively. Consistent with our analysis of the single-BS/detector interaction 
[28], the lineshape of the resonances is only slightly asymmetric (see, for example, the boundaries of the 
contours). This indicates that the Fano coupling of the BSs to the detector is weak (i.e. |q| > 1 [1]), which 
can be attributed to the relatively large separation between them [28]. Our assignment of the resonances 
to BSs in specific QPCs was made by comparing the positions of R1 and R2 to the results of separate 
measurements of the conductance of the swept and control QPCs themselves. In this way, we found R1 
and R2 to be strongly correlated to the pinch-off of the swept and control QPCs, respectively, indicating 
their association with BS1 and BS2. These assignments are actually consistent with the different disper-
sions that R1 and R2 exhibit in Figs. 1(d) and 1(e). Since BS1 is defined by the gate voltage Vs alone, its 
resonance (R1) occurs at an almost constant value of Vs when Vc is varied. BS2, on the other hand, is de-
fined by both Vs and Vc, so that making Vc more negative shifts the pinch-off of the control QPC, and so 
R2, to less-negative Vs. 
 The continuum mediated coupling in our system gives rise to an unusual behavior of the reson-
ances in Figs. 1(d) and 1(e). Based on the manner in which R1 and R2 evolve with gate voltage, it ap-
pears that they should exhibit a crossing for a particular combination of Vs and Vc (shown circled). Both 
contours exhibit a clear anti-crossing, however, whose form is unusual since it has a missing branch (see 
the dotted lines). The observation of this “three-branched” anti-crossing is a critical result, which demon-
strates that the coupling of the two BSs in our system arises primarily through the interconnecting 2DEG. 
In both Figs. 1(d) and 1(e), the missing branch corresponds to a range of parameter space where one is 
trying to detect the resonance due to the distant BS (BS1), while the intervening (control) QPC that sepa-
rates it from the detector is fully pinched-off (as indicated in the lower inset to Fig. 2(c)). 
 To “recover” the missing branch of the anti-crossing, in spite of the quenching of the continuum-
based coupling between the detector and the distant BS, it is necessary to change the measurement con-
figuration to use the pinched-off control QPC as a detector. This is demonstrated in Fig. 2(b), in which, in 
spite of its extremely low conductance (Gc), the control QPC shows a small [27] peak that is correlated 
very closely to the pinch-off of the swept QPC (Fig. 2(a)) (the step-like change that accompanies the con-
ductance peak in this figure only becomes apparent when Gd is close to pinch-off, and is thought to arise 
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from a change in electrostatic screening that occurs when the swept QPC fully pinches-off) This peak can 
therefore be used to provide detection of BS1, and in Fig. 2(c) we combine the results of such measure-
ments with those of Fig. 1(d). The two different data sets appear consistent with each other, and allow the 
full structure of the anti-crossing to become clear. Based on the analyses of Figs. 1 and 2, we therefore 
conclude that we have successfully implemented a multi-state Fano system whose separate quantum 
states are effectively “bonded” through a continuum. 
 Further evidence for interaction of the Fano resonances is provided by their temperature (T) de-
pendence. Fig. 3(a) shows measurements of the multi-state Fano system that were performed by adjust-
ing Vc to bring R1 and R2 into close proximity at low temperatures (these measurements were performed 
during a thermal cycle more than a year after those of Fig. 1, demonstrating the excellent reproducibility 
of our experiment). In Fig. 3(b), we plot the Vs-position of the two resonances as a function of T. Above 10 
K, the resonances shift to more-negative Vs with increasing T, a trend discussed previously for the single-
BS/detector configuration [27]. When the temperature is lowered below 10 K, however, we clearly ob-
serve the onset of peak repulsion, and this is also demonstrated in the inset to Fig. 3(b) which plots the 
separation of the two peaks (ΔVpp) as a function of T. The repulsion is only found with Vc and Vs adjusted 
so that the two resonances are in close proximity, as we confirm in the upper inset to Fig. 2(c). Here we 
show the temperature-dependent variation of the resonance positions measured with them detuned sig-
nificantly from the anti-crossing, and find no evidence for peak repulsion. 
 The phenomenology of Fano resonances has been widely investigated in atomic and mesoscopic 
systems, with numerous studies having addressed the interference of a single discrete state (or even a 
series of isolated states) with a continuum [22]. More complicated behavior arises if resonances overlap, 
however, as has been discussed for intruder states in Rydberg atoms [6,7], and the Coulomb-modified 
Fano resonances of quantum dots [15]. While in both of these examples the overlapping resonances ori-
ginate within the same atom or dot, the interacting quantum states in this study are implemented sepa-
rately, and interact with each other through an additionally-separate continuum. Among the mechanisms 
that could arise from such coupling include: level hybridization due to the mutual overlap of the BS wave-
functions; spin-spin exchange between electrons populating the BSs, or; a Ruderman-Kittel-Kasuya-
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Yosida (RKKY) interaction of these electrons. The distinctive survival of the peak repulsion to tempera-
tures as high as 10 K (Fig. 3) indicates an interaction energy much larger than that typical of these me-
chanisms, however, especially if we consider that the QPCs are separated through an intervening 2DEG. 
While the detailed nature of the coupling is not clear at present, our understanding of the Fano character 
of the resonance that arises from the interaction of the detector with just a single BS [25-29] suggests the 
mechanism that is illustrated schematically in Fig. 1(a). In this one-electron effect, supported by the ex-
tremely high-mobility of the 2DEG, electron partial waves emerging from the detector scatter from the two 
BSs, giving rise to separate Fano resonances in the detector conductance. According to such a mechan-
ism, the avoided crossing of the resonances arises from the strong spatial overlap of the two Fano paths. 
That is, the continuum not only interferes with the BSs to yield separate Fano resonances, but also me-
diates their interaction, inducing the formation of an extended artificial molecule [16,30]. 
 In conclusion, we have provided a demonstration of a fully-tunable multi-state Fano system in 
which remotely-implemented quantum states interfere with each other through their coupling to a mutual 
continuum. On tuning these resonances near coincidence a robust avoided crossing is observed, with a 
distinctive “three-branched” character that confirms the continuum as the source of the coupling. While 
the continuum often serves as a source of decoherence, our work therefore shows how its presence can 
instead also be essential to mediate the interaction of quantum states, a result that could allow new ap-
proaches to engineer the collective states of nanostructures. 
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FIGURE CAPTIONS 
 
Fig. 1 (a) Schematic illustration of the key components of the Fano system and their interactions. (b), (c) 
Scanning electron micrographs showing how the device is configured in different experiments to 
realize the Fano system. Light regions are the Ti/Au gates that can be used to implement QPCs 
in different spatial arrangements. The dark areas are the surface of the GaAs/AlGaAs hetero-
structure. (d) Measured variation of Gd at 4.2 K, using the combination in (b), as a function of the 
gate voltages Vc and Vs. (e) As in (d), except for the combination in (c). Color variation from blue 
to red corresponds to a conductance change of 0 – 0.33 × 2e2/h in (d), and 0 – 0.21 × 2e2/h in (e). 
In both (d) and (e), a slowly-varying background [28] with an average value of approximately 3.5 
× 2e2/h, has been subtracted from Gd. 
 
Fig. 2 (a) Gs(Vs, Vc). (b) Gc(Vs, Vc). White dotted lines in (a) and (b) are guides to the eye that follow the 
same variation. Black dotted line at front of contour (b) is a guide to clarify the lineshape of Gc(Vs). 
(c) Evolution of resonances R1 and R2 as a function of Vc and Vs. Open symbols are data deter-
mined with control QPC as detector. Dotted lines are guides to eye. Measurements are for the 
same gate configuration as in Fig. 1(b). The upper inset to Fig. 2(c) shows the measured variation 
of the peak position (Vs) of R1 and R2, obtained in the same experiment as that shown in Fig. 3, 
except that now Vs and Vc are configured such that the two resonances are far from their avoided 
crossing. The lower inset indicates the configuration of the QPCs when the missing branch of the 
ant-crossing is observed (relative to the configuration of Fig. 1(b)). 
 
Fig. 3 Measurements of the double-peak structure at different temperatures. The measurement configu-
ration is the same as that of Fig. 1(b), and a slowly-varying background [28], with an average val-
ue of approximately 3.5 × 2e2/h, has been subtracted from Gd. Vc was held fixed at -1.214 V in 
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these measurements, which were performed on a different thermal cycle to those of Figs. 1 and 2. 
(b) Vs position of the two peaks as a function of temperature. Symbols in the figure correspond to 
the peak assignment indicated in Fig. 3(a). The inset plots the separation of the two peaks as a 
function of temperature. 



